To identify the potential groundwater bearing zones for future groundwater resources development of the study area, an investigation has been made using lithology, groundwater monitoring and elevation data. The stratigraphic cross-sections of the area reveal six distinct hydrostratigraphic features viz. clay-silt-sand, fine sand, fine to medium sand, medium sand, medium to coarse sand and coarse sand. On the basis of lithological information, the groundwater bearing zone of the area has been divided into two main hydrostratigraphic units viz. aquitard and aquifer, which consist of clay-silt-sand and sands of different grain sizes respectively. The aquifer zone is further divided into two categories: "small scale aquifer" made dominantly of fine and "main aquifer" comprising of fine-medium to coarse sand. The annual fluctuation of water table in the study area is observed from 4.9 m to 5.6 m. The area is demarcated as three different groundwater bearing zones based on Catastrophe theory using GIS.
Introduction
Agriculture is the single largest producing sector of the economy in Bangladesh since it comprises about 30% of the country's gross domestic product (GDP) and employs around 60% of the total labor force [1] . Bangladesh is one of the most densely populated countries in the world. Agricultural production must be increased to meet the food needs of ever-increasing population of the country [2] . But, the water scarcity during the peak irrigation period is considered as a national problem in Bangladesh [3] - [6] . The problem stems from a low river flow in the dry season, making farmers more reliant on groundwater resources. Specifically, the reduction of fresh water flows in more recent years have made the people in the Ganges River dependent area, in the southwest part of Bangladesh, to progressively shift to an irrigation-based agriculture [7] - [11] .
The study area in Kushtia district of Bangladesh situated in the lower Ganges basin mostly depends on groundwater for irrigation during dry season. More than 95% of the irrigation water in the area comes from groundwater [12] .
The area is non-industrialized and therefore the livelihood of the people mostly depends on agricultural. The development of this area is closely related to intensive use of its land with ensured irrigation. It has been anticipated that future demand of water for irrigation in the region will be achieved through the development of groundwater resources. Groundwater movements in a geological system are controlled by lithology, stratigraphy and structure of the geologic formations [13] [14] . Therefore, assessment of subsurface geology and identification of geological layers suitable for bulk exploitation of groundwater are very important for the economy of the area.
In the present paper, a hydrostratigraphic study has been carried out for the identification of groundwater bearing zones in the study area using borehole lithology and groundwater fluctuation data. Two and three-dimensional geometry of sub-surface features has been developed to identify and assess the potential groundwater bearing zones.
Site Information
The study area (longitude 89˚05'45"E to 89˚08'40"E and latitude 23˚54'30"N to 23˚56'25"N) is located in the northern side of Kushtia Sadar Upazila as shown in Figure 1 .
The area is almost plain. The minimum elevation of 12 m is prevailing in the southwest and northeast corners whereas the maximum of 19 m exists in the middle to south and west of the area. The major river, the Ganges (Padma) and one of its distributaries, the Gorai are sustaining the environmental balance and socio-economic development of the area. The Ganges is flowing through the northeast side and the Gorai is flowing through the center of the study area from the north to the south.
The surficial geology of the study area is characterized by the floodplain and deltaic deposits that are generally young (Holocene age), gray colored, and composed of sand, silt and clay deposits [15] - [20] . The thickness of the upper silt and clay (USC) unit show that aquifers across the area are overlain by silt and clay sequences ranging from <5 to 30 m thick [21] . The composition of soil in different surface geological units varies as a function of proportions of sand, loam (silt), and clay [22] . The surface geology and soil composition which characterize shallow aquifers largely control the timing and pathways of groundwater recharge to aquifers [21] [23] . Groundwater in the area generally occurs at shallow (<10 mbgl) depth within widespread alluvial deposits [21] . Shallow groundwater levels essentially follow surface topography. The study area, like the rest part of Bangladesh, enjoys monsoon climate with seasonal wind reversal [24] . Based on rainfall, temperature and pressure, a yearlong cycle can be broken down into the four seasons: winter (December to February), summer or pre-monsoon (March to June), monsoon (July to September) and autumn or post monsoon (October to November). The study area receives an average annual rainfall of 1563 mm [25] . More than 72% of the total rainfall occurs during monsoon [26] . The rest 28% rainfall occurs due to western and northwestern depressions in winter and early summer. The study area experiences a mean temperature of 24˚C with the lowest of 6˚C in the winter and the highest of 43˚C. As the average relative humidity (74.33%) is comparatively high, wet weather is observed in most part of the year. Therefore, the evapotranspiration is relatively low. The average population density, growth rate and sex ratio of the area studied are 986.45 per km 2 , 1.5676% and 104 males per 100 females respectively [27] .
Materials and Methods
Borehole lithology, groundwater monitoring and elevation data distributed over the study area are collected from Bangladesh Agricultural Development Corporation (BADC) for the hydrogeological study (Figure 1 There are many factors which contribute to the occurrence and movement of groundwater, such as geology, geomorphology, soil, lineament density, surface water body, land cover, slope, rainfall as well as various physical properties of aquifer and vadose zone. However, the selection of number of indicators mainly depends on the availability of data [28] , therefore the indicators varies from one study to another. In this study, three themes such as aquifer thickness (A), aquifer media (M) (ratio of medium-coarse sand to fine-fine medium sand) and aquitard thickness (O) have been evaluated for the demarcation of groundwater bearing potential zones based on geological formation only.
The determined all the geological parameters are integrated by means of GIS using Catastrophe theory. Catastrophe theory is originated from the topology branch of mathematics. It was developed by French scientist Rene Thom in 1960s. The basic purpose of Catastrophe theory is to deal with the phenomena of discontinuity [29] [30] . The catastrophe method which is based on catastrophe theory draws on analytical hierarchy, utility function and fuzzy evaluation to obtain catastrophe fuzzy membership functions by normalized treatment of bifurcation set. The dependency of state variables on control variables is determined by catastrophic fuzzy mem-bership functions, rather than weight assigned by the users. In addition, different control variables have different impacts on the state of variables in multiple criteria evaluation method [31] . Initially the system is divided into sub-systems with different indicators according to the inner mechanism of the system being assessed. The initial data is normalized using catastrophe theory and fuzzy mathematics to give optimal or cleanest data. The multidimensional catastrophe fuzzy membership functions assigns values ranging from 0 to 1 to resolve incompatibility of various initial data [30] . There are seven catastrophe models viz. fold, cusp, dovetail, butterfly, swallowtail, hyperbolic umbilical and parabola umbilical. The models are shown in Table 1 where x represent state variable and a, b, c and d represent control variables [32] .
The catastrophe theory is applied using the following steps: i) selection of indicators, ii) standardization of data, iii) normalization and iv) computation for groundwater potential zone.
In order to assess the ground water potential zone accurately, the selection of appropriate sub-system and its indicators is necessary. In this study, the groundwater is considered as a system with aquifer thickness (A), aquifer media (M) and aquitard thickness (O) as sub-systems. Here, the small scale aquifer and main aquifer is combined for the sub-system of aquifer thickness. Each sub-system has its own indicators to show how the area is potential for groundwater development. The elements in the system and sub-systems have a strong relation with each other. The detail of the sub-systems and their indicators with codes are shown in Table 2 .
In multiple criteria decision making methods, different attributes or indices have different units of measurement. It is not possible to use the same units in analyzing the data in model.
Therefore, standardization of data is necessary. The standardization process makes the data dimensionless. Following equation are used to standardize the attributes in the present study.
For larger the better indices: 
For smaller the better:
where, i is the index or attribute, x i is the original value of i, x i(max) and x i(min) are maximum and minimum values. Generally, normalization of raw data is done after dividing the system into subsystems. Normalization formula is the basics for calculating the catastrophe theory. In this study, the formulas used for normalizing catastrophe model are given in Table 3 .
In order to assess the groundwater bearing potential zones, initially the maps of aquifer thickness (A), aquifer media (M) and aquitard thickness (O) have been generated using ArcGIS. Catastrophe theory is used in assigning the weights of sub-system indicators. The maps are then integrated using overlay tool in ArcGIS. The groundwater potential index (GWPI) of the integrated layer is calculated using the following equation [34] - [36] :
where A, M and O represent aquifer thickness, aquifer media and aquitard thickness respectively. The subscripts, w and r represent weight and rank respectively. Here, the ranks of the sub-systems have been assigned depending on their relative importance, i.e. the larger the average normalized value the greater rank of the sub-system.
Results and Discussion

Stratigraphy
The three dimensional stratigraphic model of the study area prepared with the aid of Rorkworks software is shown in Figure 2(a) . The model shows that the area mainly consists of two sub-surface layers, namely a top clay-silt-sand layer and a sandy layer of different grain sizes. The sandy formation can be clearly sub-divided into fine, fine-medium, medium, medium-coarse and coarse sand. To observe the cross-sectional views in various parts of the investigated area, different representative vertical cross-sections along the profiles have been prepared and presented in Figure 2(b)-(d) respectively. These figures have been drawn considering the heights of different interfaces with respect to mean sea level (msl). The cross-sections furnish a clear picture of different stratigraphic units or layers underneath. Among the layers the top clay-silt-sand layer, fine sand, fine-medium and coarse sandy layers are present everywhere.
Hydrostatigraphic Units
Considering the clay-silt-sand and fine sand as individual units and the rest sandy formations as aquiferic materials, a three dimensional stratigraphic model has been reconstructed as shown in Figure 3(a) . Sub-regional stratigraphic sections along the corners and middle of the edges are shown in Figure 3(b) .
It is clear from the figure that the subsurface formations can be divided into three main layers. The first layer consists of top clay-silt-sand, the second layer is dominantly made of fine sand and the third layer consists of fine-medium, medium, medium-coarse and coarse sand.
On the basis of borehole information the groundwater bearing sequence of the area can be divided into two main hydrostratigraphic units viz. (a) aquitard and (b) aquifer. 
Aquitard
The moderately thick top layer made up of primarily clay and silt with sand of Quaternary age is characterized by high porosity. The shaded contour map of the thickness of this aquitard layer is shown in Figure 4(a) . Most of the places, the thickness of this layer lies above 20 m, however there exists a pocket of 10 -20 m thick in the middle of the area. This layer may be used as the groundwater source only for the dug wells as the permeability and productivity are very low.
Aquifer
The lithological data of the study area have confirmed the presence of aquiferic materials of different granular, which may be divided into two categories. Figure 4(b) . The thickness of this layer varies from 3 m to 33 m. However, in most of the area it is greater than 9 m. This layer may be used as the small-scale groundwater abstracting source for the hand-and shallow tube-wells because of their medium permeability and productivity.
ii) Main Aquifer: The deeper layer comprising of fine-medium, medium, medium-coarse and coarse sand is known as the main aquifer. This aquifer is characterized by moderate porosity and high permeability and therefore, capable of providing large quantity of groundwater. The position of the screen of deep tube wells are sunk within this zone. Considering the development potential of groundwater, these formations can be considered as most productive source. Therefore, the assessment of the depth and thickness of this composition is of great importance in groundwater exploration in the area. The thickness of the main aquifer of the study area is shown in Figure 4(c) . The thickness of this layer varies from 20 to 66 m within the depth of 25 -43 m. However, in most of the area, the thickness is greater than 40 m. The presence of thick main aquifer reveals that the study area is favorable for large-scale groundwater exploration.
Hydrostratigraphic Correlation
The vertical and lateral boundaries of hydrostratigraphic and lithostratigraphic units can be designated on the basis of significant breaks in their characteristics as are identifiable and traceable in the field [14] [37] . Considering the chronology of different established formations, a generalized hydrostratigraphic succession is proposed and presented in the Table 4 .
Groundwater Level Fluctuation
The upper surface of the zone of saturation is called the water table or phreatic surface which separates the zone of saturation from the overlying zone of aeration. It is a graphic representation of the hydraulic slope of the free water body and is usually a "subdued replica" of the surface topography. The depth of the water table or isobaths of the water table depict the inequalities in the position of water table with respect to the ground surface and are useful in delineating recharge and discharge areas, locating sites for wells and dealing with drainage, artificial recharge or other problems in which the depth of the water table is critical. Groundwater observation level data is an important input parameter to the groundwater resource assessment. The groundwater levels in the study area naturally fluctuate in response to a sequence of climatic events and to constraints imposed by the hydrogeologic and topographic characteristics [38] . 
Demarcation of Groundwater Bearing Potential Zone
In this study, the indicators of groundwater sub-systems namely aquifer thickness (A), and aquitard thickness ( 658. In all cases two digits after decimal point were taken though 3 rd or 4 th digits after decimal point are significant. So the values are the approximate after this consideration. The values are then ranked from 1 to 3. The highest is aquifer media and therefore, ranked as 3. The aquitard thickness is ranked as 2 and aquifer thickness is ranked as 1. Calculated weights and ranks of the sub-systems are shown in Table 5 . The values of weights and ranks of aquifer media, aquitard thickness and aquifer thickness are inserted in Equation 3 to calculate the groundwater potential index (GWPI) using overlay tool of ArcGIS. Finally, the groundwater potential indices are classified to demarcate different groundwater bearing potential zones in the study area (Figure 6 ). Qualitatively the zone having GWPI of 4 -5.3 distributed from the middle to the south, northeast and northwest corner of the area is a very good prospective groundwater potential with the probability of high yield. Few pockets with GWPI of 2 -4 are also quite promising for good groundwater potential. A moderately good groundwater potential zones having GWPI of 0 -2 is prevailing in the southwest and northwest corners, and middle of the northern side of the area.
Conclusions
The stratigraphic cross-sections of the area reveal six distinct hydrostratigraphic features in accordance of their vertical distribution and lithological composition. Two groundwater bearing sequences: i) small scale aquifer consisting of fine sand and ii) the main aquifer comprising of fine-medium to coarse sand have been identified within the depth of 25 -43 m in the study area. The position of water table at different observation wells confirms that the water table fluctuates within the aquitard with a varying range of 4.9 -5.6 m. The study area has been categorized into three different groundwater bearing potential zones using Catastrophe theory. On the basis of the hydrostratigraphy the area may be assumed favorable for groundwater development. Since the usable aquifer is unconfined in nature, the large-scale development should be avoided otherwise ecological imbalance would affect the environmental system. Therefore, government policy of poverty alleviation through introduction of groundwater based irrigation can be implemented in the study area. It can also be expected that the findings of the present study will help national and local policy makers and water practitioners in planning and management of water resources.
